Abstract-This paper presents an inductive power link for remote powering of a wireless cortical implant. The link includes a Class-E power amplifier, a gate driver, an inductive link, and an integrated rectifier. The coils of the inductive link are designed and optimized for remote powering from a distance of 10 mm (scalp thickness). The power amplifier is designed in order to allow closed-loop control of the power delivered to the implant, by controlling the supply voltage. Moreover, a gate driver is added to the system to drive the power amplifier and to characterize the gate losses. A new packaging topology is proposed in order to position the implant inside a hole in the cranial bone, without occupying a large area, but still obtaining a short distance between the remote powering coils. The package is fabricated by using biocompatible materials such as PDMS and Parylene-C. The power efficiency of the remote powering link is characterized for a wide range of load power (1-20 mW) delivered from the rectifier and is measured to be 24.6% at nominal load of 10 mW.
I. INTRODUCTION

W
ITH the recent developments in the microelectronics and MEMS technologies, biomedical implants can be designed and fabricated for several different applications such as restoration of vision (retinal implants) [1] , regulation of heart beat (pacemakers) [2] , and detection of blood glucose level [3] . Another potential application is to use a cortical implant for in vivo recording of the neural activity of the brain, in order to realize brain-machine interfaces [4] - [8] .
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recharge cycles and need to be replaced at the end of their lifetime with a surgical operation. Last, but not least, it is possible to transfer power to the implant remotely. There are several different methods for remote powering such as power transmission using infrared or ultrasound [9] , [10] . Among them, the most commonly used method is remote powering using inductive links [11] - [16] . In this method, an external reader located outside the body transforms the electrical energy supplied from an external battery to a magnetic field. Then, the implant generates a power supply for the active devices by harvesting energy from this magnetic field. Since the external reader is supplied from an external battery, the power transfer from the reader to the implant should be as efficient as possible. This enables the use of a small and lightweight battery at the reader for patient mobility and comfort.
A typical inductive power link is composed of four main parts: 1) power amplifier; 2) inductive link; 3) rectifier; and 4) voltage regulator. Considering that the power efficiency is the main design parameter, the bottleneck of the remote powering link is generally at the inductive link because the coupling factor between the coils of the inductive link is usually very small. Therefore, these coils should be designed properly to achieve high power transfer efficiency.
As presented in previous studies, it is possible to improve the power efficiency of an inductive link by optimizing the geometry of the coils [13] - [16] . Nevertheless, the efficiency is not only a function of the geometry of the coils but also a function of the distance between the coils. This distance should be kept as small as possible to improve the power efficiency of the inductive link.
The distance between the coils is usually determined by the thicknesses of the tissues; hence, depends on the application. For cortical implants, the minimum distance between the coils can be as high as 20 mm due to the thicknesses of the scalp and skull tissues [8] , [17] . This distance can be decreased by changing the design of the implant packaging [18] . However, the electrode array in [18] is fixed to the skull due to the packaging topology, and may damage the brain tissue if the head is subject to a physical impact.
This study presents the design of an inductive power link with two-body packaging for a wireless cortical implant. A preliminary version of this work has appeared in [19] . In this study, an integrated rectifier is used to improve the performance of the system, as well as to enable the merging of the implanted electronics. Moreover, a new packaging topology for cortical implants is proposed, which decreases the distance between the power transfer coils to achieve high efficiency without increasing the surface area occupied by the implant. Additionally, the remote powering link is characterized with the package to verify the operation of the system. Section II describes the inductive power link used in this study and explains the functions of each building block of the link. In Section III, the proposed packaging topology is introduced with emphasis on the impact of packaging on the performance of the system. The characterization results are presented in Section IV, demonstrating the operation of the remote powering link. Finally, the conclusions are given in Section V. Fig. 1 displays the proposed remote powering link for a wireless cortical implant. The link consists of a gate driver, a Class-E type power amplifier, an inductive link, a rectifier, and a regulator. The gate driver, the power amplifier, and the primary side of the inductive link are located at the external reader outside the body; whereas, the secondary side of the inductive link, the rectifier, and the regulator are located at the cortical implant inside the body.
II. INDUCTIVE POWER LINK
A. Inductive Link
The inductive link includes a series resonance circuit ( and ) on the primary side located at the external reader and a parallel resonance tank ( and ) on the secondary side located at the implant. The geometries of the coils, and , are optimized by using a modified version of the optimization procedure presented in [16] . The operation frequency is chosen to be 8 MHz, in order to achieve high power transfer efficiency as well as low absorption at the tissues [20] . Furthermore, the distance between the coils is set to 10 mm to improve the power efficiency (see Section III).
B. Class-E Power Amplifier
A Class-E type power amplifier is chosen for this application as the drain efficiency of this amplifier is usually very high [21] and the topology of the amplifier is quite suitable for inductive power links [22] , [23] . When the switching transistor in Fig. 1 is turned on, a flux is generated on the RF-choke inductor . When the switch is turned off, the energy stored in the inductor is transferred to the load of the amplifier. Since the current through and the voltage across the transistor are never high simultaneously, the power dissipation on the transistor is very low. Thus, the drain efficiency of the amplifier can be increased significantly, by careful adjustment of the load network of the amplifier.
A load network is necessary for Class-E amplifiers in order to remove the harmonics generated from the switching of the transistor . This network is intrinsically present for the inductive power link in Fig. 1 since the primary coil and the resonance capacitor act as a bandpass filter at the operation frequency. Therefore, no additional component is required to filter the harmonics of the drain voltage. Moreover, the implant side resonance tank will further reject the harmonics as it is also a bandpass network centered around the operation frequency.
The gate of the switching transistor of the Class-E amplifier is driven by a gate driver circuit composed of a crystal oscillator and a MOSFET driver.
C. Rectifier
The magnetic field generated at the external reader induces a sinusoidal signal on the secondary coil of the inductive link. This ac signal can be converted into a dc voltage by using a rectifier, to supply power to the implant. For biomedical implant applications, the rectifier should have high power efficiency for conserving the battery at the external reader. Moreover, it is preferable to have the rectifier integrated on CMOS technology to enable merging of implant electronics on a single chip.
To understand the design requirements for a high-efficiency integrated rectifier, the operation of an active diode is investigated. Fig. 2 demonstrates the operation of a half-wave integrated rectifier with an active diode along with its input and output signals at the steady-state. Ideally, the diode should turn on when the input voltage exceeds the output voltage (red circles). When the input voltage becomes less than the output voltage, the diode turns off to prevent the discharge of the capacitor , so that the rectification is achieved.
In this study, an integrated rectifier with high power efficiency is designed in order to replace the Schottky diode in [19] . The rectifier is connected to an off-chip capacitor to decrease the ripples at the output. Fig. 3 shows the schematic of the integrated rectifier.
At the core of the rectifier, the PMOS pass transistor functions as the active diode of a half-wave rectifier. When the input voltage exceeds the output voltage, is turned on by pulling down so that the discrete capacitor can be charged. On the other hand, when the input voltage is less than the output voltage, the gate of the transistor is pulled up to the output voltage in order to prevent the leakage from the capacitor to the input.
As seen in Fig. 2 , and exceed one another at certain intervals of a period. Therefore, the bulk of the pass transistor cannot be simply connected to its source. For this reason, the n-well of the pass transistor is dynamically biased by using two transistors, as shown in Fig. 3(b) [24] . These two transistors connect the bulk of to the larger of the two potentials at the source and at the drain of the pass transistor.
The switching of the pass transistor is controlled by the timing network shown in Fig. 3(c) . This timing network compares the input and output voltages by using a method similar to the one presented in [25] .
The operation of the timing network is based on biasing the transistors and with low currents so that the voltages across the source and gate of these transistors are close to their threshold voltages. For instance, if is biased with a low current, the voltage at the gate of this transistor will be around . Therefore, the transistor starts conducting current when (1) If the threshold voltages of and are close to each other, the voltage across the resistor starts rising if the condition in (1) is met, i.e., the input voltage is larger than the output voltage. Similarly, the voltage across -rises when is less than . The decision circuit presented in Fig. 3(d) compares the pull-up and pull-down voltages of the timing network. If is larger than , transistor pulls down the gate voltage of the pass transistor through a tapered inverter chain. Conversely, pulls up when the input voltage is less than the output voltage, so that is turned off. For this comparison method to work, the amplitude of the input voltage of the rectifier should be larger than the threshold of the transistors . Therefore, to avoid any startup problems, these transistors are chosen to be low threshold voltage transistors. Furthermore, in order to prevent any damage to the rectifier, an integrated RF limiter [23] is used at the input of the rectifier to limit the voltage generated at the secondary coil, as seen in Fig. 3(a) .
In previous studies, a matching network is used between the inductive link and the rectifier in order to improve the power efficiency of the remote powering link [19] , [26] . Although this method is quite useful at the operation frequency of 1 MHz chosen in those studies; at higher frequencies, it is usually not feasible to use the matching network. The reason is that the losses on the discrete inductor of the matching network become significant at higher frequencies, as the quality factor of the inductor decreases. Therefore, in this study, the matching network is eliminated by matching the optimum load resistance of the inductive link with the real part of the input impedance of the rectifier delivering its nominal load power at the operation frequency.
D. Voltage Regulator
The voltage regulator is connected to the output of the rectifier in order to suppress the ripples and generate a clean supply voltage for sensitive circuits such as analog-to-digital converters [27] . The regulator topology will be based on the architecture proposed in [28] and is not presented in this study.
The input of the voltage regulator should always be larger than the sum of the regulator output voltage and the minimum drop-out voltage across the regulator. Therefore, it is essential to track the rectifier output voltage , to ensure that the voltage regulator generates the desired supply voltage for the implant. This can be achieved by using a power control feedback network shown in Fig. 1 . The rectifier output voltage can be compared with the supply voltage generated at the implant and the feedback information can be added to the recorded neural data and sent through the uplink, which is used for transferring information from the implant to the external reader. The power control feedback structure is currently under study and is not presented in this article.
III. PACKAGING
Packaging is another challenge in the design of biomedical implants. The package of the implant should be biocompatible to prevent any adverse health effects on the patient. Moreover, it should be hermetically sealed to isolate the electronic devices from the fluidic environment in the body. Furthermore, especially for the cortical implants, the package should be compact and small in order not to occupy a large surface area.
A recent study proposes a compact assembly concept for a neural interface using Utah Microelectrode Arrays (MEA) [8] . The assembly concept includes all parts of the implant, including MEA, readout integrated circuit (IC), power receiving coil ( in Fig. 1 ), etc. Although the implant occupies a small space, this type of assembly should be located under the cranial bone, which causes the implanted coil to be far from the external reader coil. In this case, the distance between the two coils can be as large as 20 mm, which is the total thickness of the scalp and skull tissues [17] .
Another conceptual cortical implant prototype is proposed in [18] . In this prototype, the implant is fixed inside a hole in the cranial bone. This allows the implanted power receiving coil (downlink coil) to be placed just under the scalp. Therefore, the distance between the external reader coil and the implant coil can be decreased by the thickness of the cranial bone; hence, increasing the power efficiency. Moreover, with this packaging concept, another coil can be placed orthogonal to the power coil, to serve as an uplink coil that sends the recorded information to the external reader. As the downlink and uplink coils are orthogonal to each other, the cross-coupling between the power and data links can be minimized [18] . Finally, this type of packaging helps distributing the heat dissipation to a larger volume; thus, allowing more power consumption in the implant without damaging the surrounding tissues [29] .
The disadvantage of the packaging concept in [18] is that the implant is a single piece block. If the head is subject to a physical impact, the electrodes may damage the brain because the package is fixed to the skull. To avoid this problem, the electrodes should be mechanically decoupled from the skull. This can be achieved by using a flexible cable to connect the fixed part with the electrode array. Fig. 4 shows the proposed two-body packaging for a wireless cortical implant, which was initially introduced in [19] . This implant package has two parts: The readout part and the transceiver part. The readout part is placed on the surface of the brain and it includes the readout IC and the electrodes, which are used for recording the neural activity of the brain. On the other hand, the transceiver part of the implant, which includes the coils and the transceiver IC, is fixed inside a hole in the cranial bone [see Fig. 4(b) ]. The two parts are connected with a flexible cable, which is used for transferring power and information between the two parts. This cable also decouples the movable readout part from the fixed transceiver part; hence, solving the mechanical decoupling problem.
By using this type of cortical implant package, the distance between the implant coil and the external reader coil can be decreased down to the thickness of the scalp, which is around 10 mm. Therefore, the coupling factor between the coils can be increased, resulting in higher power efficiency. Furthermore, this package improves the distribution of the heat generated in the implant. With two-body packaging, it is possible to dissipate up to 35 mW of power in the implant without exceeding the safety precaution limit of 1 C, compared to 17.5 mW allowed for a unibody cortical implant [29] .
The transceiver part of the package in Fig. 4(a) is fabricated by using a biocompatible silicone elastomer (Sylgard 184 PDMS, Dow Corning). Furthermore, the fabricated package is coated conformally with 2 m Parylene-C to improve its biocompatibility. The biocompatibilities of PDMS and Parylene-C are discussed in [30] - [34] . Fig. 4(c) shows the photograph of the fabricated package. The transceiver part measures 13 mm 13 mm 8.8 mm and includes the implant side of the inductive link. The integration of the rectifier IC into the implant package is under progress. Moreover, the biocompatibility of the packaging should be tested in order to see the penetration of moisture through the package. Additional packaging steps may be necessary to improve the hermetical sealing of the implant.
IV. CHARACTERIZATION RESULTS
A. Rectifier
As mentioned previously, the rectifier output voltage should always be larger than the output voltage of the regulator plus the minimum drop-out voltage at the regulator, in order for the regulator to function properly. For the regulator under study, the minimum input voltage is 1.5 V. Considering the ripples at the output of the rectifier and leaving some margin for the power control feedback, the nominal rectifier output voltage is chosen to be 1.6 V. Therefore, is set to 1.6 V during the power efficiency measurements including the rectifier.
The integrated rectifier proposed in this study is fabricated in UMC 0.18 m 1.8/3.3 V process. Fig. 5 displays the simulated and measured power efficiencies of the integrated rectifier versus the load power delivered from the output of the rectifier. The load power in this figure is defined as the power delivered to a resistive load connected to the output of the rectifier, while V. The power efficiency of the rectifier is measured to be around 90% for load power larger than 6 mW. For smaller values of , the power efficiency drops as the power delivered to the load becomes comparable to the power consumed at the decision circuit and the timing network of the rectifier.
B. Inductive Link
Table I presents the fixed system parameters used during the optimization of the inductive link. The optimum load resistance of the inductive link is chosen to be 150 , which is approximately the real part of the rectifier input impedance at 8 MHz while delivering its nominal load of 10 mW at V. Table II presents The performance of the inductive link also depends on the surrounding tissues as the tissues influence the characteristics of the coils. As discussed in [35] , the self-inductance of a coil does not change significantly nearby the tissues, compared to a coil in air, because the permeabilities of the tissues are very close to the permeability of air. On the other hand, the parasitic capacitance and the ac resistance of the coil may increase significantly in the proximity of the tissues since the tissues have higher relative permittivity and electrical conductivity [36] , [37] . It has been presented that in the proximity of the tissues, the power efficiency of the inductive link may drop down to one-third of its value in air [15] . The effect of the tissues on the performance of the inductive link is currently under study. 
C. Class-E Power Amplifier
The gate driver used for driving the Class-E power amplifier generates a square wave at 8 MHz with 3.3 Vpp amplitude and 1.65 V dc offset. In order to improve the drain efficiency, the power amplifier is tuned to have the desired drain voltage waveform [21] , by adjusting the tuning capacitor ( in Fig. 1 ), while the load resistance of the inductive link is set to its optimum load.
The performance of the power amplifier is measured with the inductive link since the inductive link acts as the intrinsic bandpass filter of the amplifier. The supply voltage of the power amplifier is fixed to 0.7 V during amplifier characterization. To calculate the power efficiency for different load resistances connected to the inductive link, the power consumptions from the supply of the power amplifier and the supply of the gate driver are measured as well as the output power delivered to the load. Fig. 7 presents the measured power efficiency of the Class-E amplifier and the inductive link versus the load resistance of the inductive link. In order to see the impact of the losses at the gate driver, the results are presented with and without the gate losses. As seen from this figure, the power efficiency of the amplifier and the inductive link is 37.7% at 150 load resistance with the gate losses; whereas, it is 46.0% without the gate losses. From these results and the results presented in Fig. 6 , the drain efficiency of the amplifier is calculated to be around 83.9%. The losses at the drain of the amplifier are due to the finite quality factor of the RF-choke inductor ( at 8 MHz) and nonzero voltage drop across the switching transistor when it is turned on. On the other hand, the losses at the gate driver are due to switching losses at the input of the MOSFET driver and the switching transistor, as well as the quiescent currents drawn by the crystal oscillator and the MOSFET driver.
The drain efficiency of the Class-E amplifier can be increased by using an RF-choke inductor with higher quality factor. However, the quality factors of the inductors are limited by the available discrete components. Another method for increasing the drain efficiency is to increase the size of the switching transistor to decrease its on-resistance. Although this improves the drain efficiency of the amplifier, the gate losses at the gate driver also increase since the gate capacitance of the switching transistor increases. Therefore, the tradeoff between the drain efficiency and the gate losses should be considered in order to improve the total power efficiency of the Class-E amplifier.
D. Remote Powering Link
To characterize the overall remote powering link (except the voltage regulator), the output of the inductive link is connected to the integrated rectifier. Fig. 8 shows the photograph of the measurement setup used for the characterization of the remote powering link.
To see the dependence of the dc voltage at the output of the rectifier on the dc supply voltage of the Class-E power amplifier, the amplifier supply voltage is swept for a certain resistive load connected to the output of the rectifier, and the rectifier output voltage is monitored. The load resistance of the rectifier is chosen as 253 in order to deliver approximately 10 mW to the load while V . Fig. 9 shows the rectifier output voltage versus the Class-E supply voltage for . As seen from this figure, the relation of with respect to is quite linear after the rectifier is turned on. This is mainly due to the linearity of the Class-E power amplifier. Moreover, the voltage drop across the rectifier is fairly constant for different currents drawn from the load. The linearity of the rectifier output voltage with respect to the power amplifier supply voltage simplifies the design of the aforementioned power control feedback. Fig. 10 displays the measured power efficiency of the remote powering link versus the load power delivered from the rectifier. The load power is defined as the power delivered to a resistive load at the output of the rectifier while is equal to 1.6 V. Furthermore, the results are presented with and without the gate driver losses, in order to emphasize the impact of driving the gate of the power amplifier. As seen from this figure, the power efficiency of the remote powering link is 24.6% for nominal load power of 10 mW. For minimum power consumption at the load (1 mW), the power efficiency is 4.7%; whereas, for maximum power consumption of 20 mW, the power efficiency reaches 27.2%.
When the gate losses are not included in the calculations, it can be seen that the power efficiency peaks around the nominal power consumption at the load. This is due to the fact that the rectifier input impedance at the nominal load is matched to the optimum load condition of the inductive link during the optimization of the coils. Fig. 11 shows the distribution of the power consumption in the remote powering link versus the load power delivered from the rectifier for V. represents the power drawn from the supply of the power amplifier ; whereas, represents the power drawn from the supply of the gate driver . It can be seen from this figure that the gate losses are almost independent from the load power. Moreover, for low power consumption at the load, the total power consumption is dominated by the power consumption at the gate driver. The effect of the gate losses becomes less significant as the load power increases. This is the main reason why the power efficiency with gate losses in Fig. 10 peaks at higher load power values.
V. CONCLUSION
In this study, an inductive power link for remote powering of a wireless cortical implant is presented. The remote powering link consists of a Class-E power amplifier, a gate driver, an inductive link, and a rectifier. An integrated rectifier design with high power efficiency is introduced in order to enable merging of the implanted electronics. Moreover, a gate driver is used at the external reader to drive the gate of the power amplifier from a dc power supply, in order to see the impact of gate losses on the power efficiency.
A new type of cortical implant packaging concept is introduced which allows the power receiving coil in the implant to be placed at a closer distance to the external reader coil. Thus, the power efficiency of the inductive link can be increased as the coupling factor between the coils increases with decreasing distance.
The fixed part of the proposed package, which is used for generating the implant power supply and communicating with the external reader, is positioned inside a hole in the cranial bone. On the other hand, the movable readout part is located on the brain for recording the neural activity. The two parts are connected with a flexible cable for transferring power and information. This provides mechanical decoupling of the electrode array from the fixed part, so that the electrode array does not damage the brain if the head is subject to a physical impact. The transceiver part of the package, which is fixed to the skull, is fabricated by using a biocompatible silicone elastomer and coated with Parylene-C.
For the characterization of the system, first, the integrated rectifier performance is measured. The measured power efficiency of the rectifier is found to be around 90% for load power larger than 6 mW, while the rectifier output voltage is kept at 1.6 V.
Secondly, the inductive link is designed and optimized to operate at 8 MHz, in order to achieve a high power efficiency as well as low absorption at the tissues. For optimization, the optimum load of the inductive link is chosen to be the real part of the input impedance of the rectifier at its nominal load, to eliminate the use of a lossy matching network. The power efficiency of the inductive link is measured to be around 55% for its optimum load.
Finally, the overall performance of the remote powering link except the voltage regulator is characterized by measuring the power consumed at the power amplifier, gate driver, and the rectifier load. For nominal load power delivered to the rectifier load while V, the power efficiency of the remote powering link is measured to be 24.6%. Furthermore, at minimum power consumption of 1 mW and maximum power consumption of 20 mW on the rectifier load, the power efficiency is 4.7% and 27.2%, respectively. The main reason for low power efficiency at low power consumption levels is due to the constant gate driver losses.
The dependence of the rectifier output voltage on the power amplifier supply voltage is also characterized. The relation is linear in the desired range as expected, which simplifies the design of a power control loop.
The study of the remote powering link with the regulator and the power control feedback is under progress. The effect of the tissues on the power efficiency and the biocompatibility of the packaging should also be investigated and is currently under study.
